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Abstract: Good water quality is essential for life; therefore, decolorizing and detoxifying organic
dye wastes (textile effluents) have gained immense environmental importance in recent years. Thus,
the degradation of wastewater has become a potential need for our environment. This research
aims to synthesize and investigate a ceramic-based nanomaterial catalyst for the degradation of dye
solution under exposure to sunlight. A reduced graphene oxide-ZnS (rGO-ZnS) nanomaterial was
qualitatively synthesized using a solvothermal method. The prepared nanomaterial was characterized
using XRD, SEM, HR-TEM, EDX, XPS, and FT-IR techniques. The photocatalytic activity of the rGO-
ZnS nanomaterial was checked using oxidative photocatalytic degradation of naphthol blue black
dye (NBB) under direct sunlight irradiation. Here, the rGO/ZnS composite showed a significant
photocatalytic performance to degraded NBB (93.7%) under direct solar light. Chemical Oxygen
Demand (COD) measurements confirmed the mineralization of the dye. The influence of different
radical scavengers on NBB degradation was studied. Optimum conditions for efficient degradation
were determined. The antibacterial property of the prepared catalyst was studied.

Keywords: rGO-ZnS; NBB dye; degradation; solar light; antibacterial studies

1. Introduction

Due to the rapid development of industry and the significant number of pollutants
produced, including organic solvents, oils, and dyes, that have been discharged into water
supplies, water pollution is now a big problem. Pollution is released into water supplies,
causing a shortage of freshwater which is necessary for the survival of the world’s pop-
ulation [1,2]. Owing to their non-biodegradable nature, harmful effects on marine life,
and mutagenic effects on humans, synthetic dyes containing aromatic compounds are
extremely poisonous, difficult to degrade [3,4], and are the primary cause of environmental
contamination. The search for highly active and light-source-responsive (UV/solar light)
photocatalysts for efficient environmental cleanup is ongoing due to constantly expanding
environmental concerns [5–7]. Semiconductor-intervened photocatalytic processes stand
out due to their high proficiency, eco-benevolence, low speculation, simplicity of activity,
and extraordinary potential for viable applications in natural remediation and maintainable
energy generation [8–13]. While semiconductor nanomaterials can utilize noticeable or
bright light as an illuminating source, they can prompt electron shifts to the conduction
band (CB) from the valence band (VB), bringing about the formation of isolated charge
transporters that can fuel different substance responses on the outer layer of semiconduc-
tor particles. Metal sulfides have recently been found to have enormous photocatalytic
efficiency [14–17].
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For example, zinc sulfide (ZnS), one of the primary semiconductors found, has
been comprehensively examined as a photocatalyst by the scientific exploratory commu-
nity [18,19]. ZnS nanomaterials have been demonstrated in experiments to be phenomenal
UV-light-resolved photocatalysts because of their remarkable optical properties, including
high photoexcitation charge carrier generation rates, highly negative photoexcited electron
reduction potentials, and high photo-corrosion stability. There are three critical issues that
should be addressed to deal with the photocatalytic execution of photocatalysts: (i) the
recombination speed of photogenerated charge carriers, (ii) the fitting excitation recurrence,
and (iii) the photocatalyst adsorption limit [20–22]. ZnS nanoparticles capped with wa-
termelon rind extract and their potential application in dye degradation were studied by
Lakshmipathy et al. [23]. To create ZnS nanomaterials with high photocatalytic activity, a
range of studies based on the above-mentioned aspects have been described [24,25]. These
investigations included loading with metallic nanoparticles or non-metal components
and incorporating them with different semiconductors. The application of semiconduc-
tor nanoparticle loading on carbon nanomaterials for the photocatalytic destruction of
organic contaminants has been extensively studied [26–28]. Due to its exceptional qualities,
including a huge specific surface area, great thermal and electrical conductivity, supe-
rior mechanical stability, and good optical transparency, graphene, a novel type of 2D
carbon nanomaterial, has attracted a lot of attention. Numerous methods for fabricating
graphene and related modified graphene-based materials have been introduced since
the discovery of graphene in 2004, including the exfoliation of graphite [29], chemical
vapor deposition [30], epitaxial development [31], and reduction of exfoliated graphene
oxide [32]. Titania-decorated reduced graphene oxide (TiO2x%rGO (x = 0, 1, 05, 10, 15,
20, and 25) nanocomposites (NCs) were fabricated using a hydrothermal process and
characterized using various techniques [33]. Graphene oxide sheets contain numerous
reactive oxygen-containing groups that are advantageous for creating graphene-based
nanomaterials; therefore, one of these synthesis methods is thought to have the greatest
experimental research and practical application value [34]. Photocatalytic reduction of
Cr6+ by ZnO decorated on reduced graphene oxide (rGO) nanocomposites was reported
by Srirattanapibul et al. [35]. Because of the distinct and stable features of graphene, its
incorporation into nanomaterials can significantly enhance photocatalytic activity. En-
hancement of photocatalytic capacity using Mn3O4 spinel ferrite decorated graphene oxide
nanocomposites was reported by Imboon et al. [36]. Liu et al. demonstrated the improved
photocatalytic activity of an aerogel composed of BiOBr and reduced graphene oxide
(BiOBr/rGO) [37]. They revealed that the aerogel’s large surface area, spongy texture, and
effective separation of photogenerated charge carriers were all responsible for the material’s
enhanced photocatalytic activity.

The large surface area of graphene can be utilized as an optical lattice to trap other
co-impetus nanoparticles and keep them from massing together. Graphene is believed to
be the ideal electron move extension and electron sink, which could significantly speed up
electron–hole pair partition and forestall recombination. It is thought to be critical to the
photocatalytic cycle because it allows more photoinduced electrons to move to photocat-
alyst surfaces and structures; various receptive sustainable designs have participated in
photocatalytic responses. Despite graphene’s large surface region, the solid electrostatic
and stacking connections between graphene and natural atoms contribute to graphene’s
exceptional ability to adsorb natural particles [38–41]. Gathering ZnS nanoparticles on
graphene sheets is, thus, thought to be a reasonable and compelling strategy for combining
elite-performance photocatalysts and is bound to be used in genuine natural remediation.
Kanti das et al. reported that the rGO/Ag nanocatalyst was prepared using the green
synthesis method [42].

We effectively synthesized rGO sheets with ZnS nanoparticles (rGO/ZnS) in this
study. The degradation of an azo dye, naphthol blue black (NBB) dye, was used as a model
water pollutant for assessing the photocatalytic activity of the produced nanoparticles.
The findings show that the rGO/ZnS nanocomposite has the potential to function as
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an efficient and adaptable photocatalyst for the photodegradation of organic dyes in
industrial wastewater.

2. Materials and Methods

Otto Chemie Pvt Ltd. (Mumbai, Maharashtra, India) was the supplier of graphite
powder (325 mesh, 99.9%). The azo dye, NBB, was purchased from Sigma-Aldrich, India.
The chemical structure of the NBB dye is given in Figure S1 (see Supplementary Materials).
All of the reagents were of the analytical variety and were utilized directly after arrival
without further purification. Water that has been twice distilled was utilized to make the
test solution. Utilizing H2SO4 and NaOH, the pH of the solutions was changed.

2.1. Analytical Techniques

An X’Pert PRO diffractometer (Cu-Ka, 1.5406 A, Alemo, The Netherlands) was applied
to obtain the powder X-ray diffraction (XRD) pattern. The catalyst morphological traits
were examined using a JEOL-JSM-IT 200 scanning electron microscope (SEM, JEOL, Tokyo,
Tokyo, Japan) equipped with OXFORD energy dispersive X-ray spectrum (EDS, Japan). The
morphology and crystallinity were studied with a high-resolution Transmission Electron
Microscope (HR-TEM) (the grid was dried naturally and analyzed with a JEOL-2100+
High-Resolution Transmission Microscope). Fourier Transfer Infrared (FT-IR) spectra of
the samples were recorded using a spectrometer in KBr pellet holders. For X-rays, a
Photoelectron Spectra (XPS), model- ESCA-3 Mark II, AlKα radiation (1486.6 eV) (VG
Scientific Ltd., London, UK) was used.

2.2. Irradiation Experiments

Solar photocatalytic degradation studies were performed between 11 a.m. and 2 p.m.
on sunny days. The reaction vessel was a 50 mL open borosilicate glass tube with di-
mensions of 40 cm in height by 12.6 mm in diameter. Before illumination, 50 mL of NBB
(2 × 10−4 M) with the required amount of catalyst was agitated in the dark for 30 min.
An open-air irradiation process was used to provide oxygen and ensure that the reaction
solution was thoroughly mixed. There was no evidence of solvent volatility during the
illumination period.

The amount of reaction mixture that was irradiated in each case was 50 mL. About
2–3 mL of the sample was taken and centrifuged at predetermined intervals to separate the
catalyst. The dye degradation was monitored with absorption maxima of the dye at 320 nm,
which is the characteristic absorption of the NBB dye corresponding to the aromatic part of
the dye molecules, and its decrease in absorbance concerning the time of irradiation indi-
cates the degradation of the dye. The solar intensity was 1250 × 100 ± 100 lux, measured
using the LT Lutron LX-10/A digital lux meter (Taiwan). Chemical oxygen demand (COD)
estimations were made with the reported procedure [43].

2.3. Synthesis of GO

Hummer’s process was refined to produce graphene oxide from graphite powder [44].
A total of 1 g of graphite powder and 1 g of NaNO3 powder were mixed in a 500 mL beaker.
A pre-cooled mixture of conc. H2SO4 was poured in while continuously stirring. Then, 6 g
of KMnO4 was gradually added in steps while the mixture was kept at 25 ◦C, and it was
agitated constantly for 2 h to induce an exothermic reaction that caused the temperature
to rise from 80 ◦C to 100 ◦C. Once the solution had reached room temperature, 300 mL of
deionized water containing 50 mL of H2O2 (30%) was subsequently added. The solution
was then left overnight for decantation to produce solid precipitation. To get rid of the
metal ions and dust, the product was washed 5 to 7 times in a 5% HCl solution. To obtain a
black powder, the solutions were centrifuged for 30 min at 4000 rpm, washed with ethanol,
and filtered. Finally, a black pure graphene oxide nanosheet was produced through drying
the resulting powder at 80 ◦C for 24 h.



Micromachines 2023, 14, 1324 4 of 18

2.4. Synthesis of rGO

GO (1.0 g) was added to create colloidal dispersion in distilled water while being
constantly stirred in a magnetic stirrer at 350 ◦C. The colloidal solution of graphene oxide
(GO) was heated and stirred for three hours after that hydrazine solution (a reducing agent)
was added. A dark pasty substance of reduced graphene oxide (rGO) was obtained after
filtering [45].

2.5. Synthesis of rGO-ZnS

rGO-ZnS nanocomposite was produced by means of dispersing 0.6 g of rGO in 100 mL
of double-distilled water and ultrasonically dispersing the mixture for 60 min to create a
homogenous rGO dispersion. Separately, 11.358 g of zinc nitrate hexahydrate was dissolved
in 100 mL of water (0.4 M) and 3.122 g of sodium sulphide was dissolved in 100 mL of water
(0.4 M), and these two solutions were combined under stirring. It was further stirred for 2 h.
Zinc sulfide suspension was obtained. Then, 100 mL of the rGO suspension was added to
the ZnS suspension, which was then stirred for 6 h and sonicated for 3 h. Then, the mixture
was hydrothermally treated for 6 h at 180 ◦C in an autoclave constructed of stainless steel
lined with Teflon. The precipitate (rGO-ZnS) was collected, filtered, extensively washed
with ethanol, and dried at 60 ◦C in an air oven for 2 h. The rGO-ZnS catalyst was collected
and used for further analysis. This catalyst contained 13.3 wt% of rGO. Catalysts with
9.3, 11.4, 15.2, and 17.0 wt% of rGO were prepared using the same procedure with the
appropriate amount of rGO. The bare ZnS was prepared without the addition of rGO. The
different wt% rGO-ZnS were utilized for NBB degradation under direct solar light and the
results (Table S1, see Supplementary Materials) showed that 13.3 wt% rGO was found to be
the optimum loading on ZnS for efficient removal of NBB. Hence, this catalyst was further
characterized along with bare ZnS for comparison and utilized for further reactions.

3. Results
3.1. X-ray Diffraction Pattern of Reduced Graphene Oxide-ZnS

XRD was used to analyze the material’s structural nature. The rGO and rGO-ZnS
XRD patterns are shown in Figure 1. The development of the small intensity diffraction
peak 002 (plane) at 2θ = 15.06◦ demonstrates the presence of a low percentage of partly
reduced graphene oxide (prGO) (Figure 1a) [46]. A broad peak in rGO that appears
between 2θ = 20◦ and 30◦ is explained by the resuscitation of the van der Waals interaction
following the reduction of graphene oxide [47]. As the graphene sheets are stacked in a
limited number of layers, the broadness in the peak denotes the loss of long-range order [48].
Additionally, a reduction in the interlayer spacing reflects the loss of oxygen-containing
groups and water molecules from the surface of graphene oxide. The diffraction peaks
associated with 2θ = 28.56◦, 33.5◦, 47.2◦, and 56.8◦ are seen in the ZnS (Figure 1b), which
correspond to the cubic ZnS structure (JCPDS file no. 65-1691) planes (111), (200), (220)
and (311) [49]. rGO-ZnS composites exhibit XRD patterns similar to bare ZnS, and no rGO
diffraction peaks can be observed in the composites, which could be a result of the rGO’s
low concentration and low diffraction intensity in the composite (Figure 1c).

3.2. Scanning Electron Microscope Analysis

SEM analysis was used to examine the precise morphology and microstructure of the
catalysts. The SEM images of rGO, ZnS, and rGO-ZnS samples with different magnifications
are shown in Figure 2a–i. The rGO depicts a few layered structures, some of which are
nanosheets, as should be visible in SEM (Figure 2a–c) [50]. The SEM resemblance of ZnS
is depicted as a layered sheet-like structure (Figure 2d–f) [51]. Figure 2g–i display the
rGO-ZnS surface morphology of the particles, which represents a broccoli-like structure.

3.3. Transmission Electron Microscope Analysis

The resulting rGO-ZnS composites were further studied using a high-resolution trans-
mission electron microscope (HR-TEM). The shape of the rGO sheet is shown in Figure S2a
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(See Supplementary Materials). ZnS nanoparticles have been built evenly and deposited
on the surface of the rGO (Figure S2b). Furthermore, the homogeneous distribution of ZnS
nanoparticles on rGO sheets can reduce the aggregation of ZnS nanoparticles and increase
reactive sites, hence improving photocatalytic performance [52].
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3.4. Energy Dispersive X-ray Analysis

As shown in Figure S3, the EDX spectra of the rGO, ZnS, and rGO-ZnS nanocomposite
were collected concurrently with SEM. The characteristic peaks of carbon, oxygen, zinc,



Micromachines 2023, 14, 1324 6 of 18

and sulfur can be detected without any other elements emerging, showing the elemental
composition of the nanocomposite.

3.5. Fourier Transfer-Infra Red Spectra

Figure 3 displays the FT-IR spectra of GO, rGO, ZnS, and rGO-ZnS composite across
the range of 500–4000 cm−1. In FT-IR spectra of GO, the absorption band at 1616 cm−1 is
caused by skeletal vibrations of unoxidized graphitic domains (C=C stretching) [53]. The
other peaks are due to stretching vibrations of –C=O (1717 cm−1) and C-O-C (1034 cm−1).
The broad absorption band located at 3246 cm−1 can be attributed to the O-H stretching
mode of H2O adsorbed on the surface of the particles in synthesized ZnS nanoparticles [54].
The stretching vibrations of the adsorbed H2O molecules found in GO are believed to be the
cause of the intense and wide absorption at 3370 cm−1. The characteristic stretching -OH,
C=O, and C-O are attributed to the absorption bands at 3414, 1625, and 1118 cm−1 for the
rGO-ZnS composite, respectively. This indicates that there are still some oxygen-containing
groups of GO sheets because the hydrothermal reduction of the absorption peaks in the
rGO was significantly reduced, and some absorption peaks for C=O and C-O are absent [55].
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3.6. X-ray Photoelectron Spectroscopy

The oxidation state of the elements present in rGO-ZnS is investigated using X-ray
photoelectron spectroscopy (Figure 4). The presence of C, O, Zn, and S elements is con-
firmed via the XPS survey spectrum of the rGO-ZnS sample (Figure 4a). Figure 4b shows
the C 1 s profile for rGO. Three strong peaks were observed at 284.5, 284.7, and 286.9 eV,
which correlated to C-C, C-OH, and C-O, respectively [56]. The characteristic peaks of O
1 s were assigned a binding energy of 535.1 eV (Figure 4c). The typical peaks of Zn 2p3/2
and Zn 2p1/2 were assigned binding energies of 1027.3 eV and 1050.1 eV, revealing that
the zinc ions were in the +2 oxidation state (Figure 4d). Binding energies of 163.8 eV and
171.0 eV were assigned to S 2p3/2 and 2p1/2, suggesting the presence of Zn-S bonds in the
composite (Figure 4e) [57].
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3.7. Photocatalytic Activity Studies

Figure 5 depicts the percentage of NBB dye that is still present after solar light is
used to irradiate an aqueous solution of NBB (2 × 10−4 M). At 150 min under solar light,
degradation of 93.7% of NBB occurs in the presence of rGO-ZnS (curve a). In the absence
of a catalyst, negligible deterioration (0.2%) took place in the presence of solar irradiation
(curve b). In contrast, the dye concentration decreased by 47.8% in an identical experiment
using rGO-ZnS in the absence of solar radiation (curve c). This can be the result of the dye
adhering to the catalyst’s surface. These observations reveal that sunlight and catalyst must
be essential for the degradation of NBB dye. Under the same conditions, only 81.8 (curve d),
78.8 (curve e), and 61.1 (curve f) percent degradation occurred when other photocatalysts
such as ZnS, ZnO, and Nano ZnO were utilized. This demonstrates that compared to other
procedures, the rGO-ZnS approach is more effective at degrading NBB dye. The UV-vis
spectra of NBB dye at different times of irradiation with rGO-ZnS is shown in Figure 6.
There is no significant change in UV maxima during irradiation, but the intensities at 320 nm
and 617 nm decrease gradually during degradation. This reveals that the intermediate does
not absorb at the analytical wavelength of 320 nm and 617 nm.



Micromachines 2023, 14, 1324 8 of 18Micromachines 2023, 14, x FOR PEER REVIEW  9  of  20 
 

 

 

Figure  5.  Photodegradability  of NBB  dye  using  solar/rGO‐ZnS  nanoparticles:  [NBB]  =  2  ×  10−4 

mol/L, pH = 7.0 ± 0.1, rGO‐ZnS nanoparticles = 2 g/L, airflow rate = 8.1 mL s−1, Isolar = 1250 × 100 ± 100 

lux. 

 

Figure 6. The changes in UV‐visible spectra of NBB on irradiation with solar light in the presence of 

rGO‐ZnS nanoparticles: [NBB] = 2 × 10−4 mol/L, pH = 7.0 ± 0.1, rGO‐ZnS nanoparticles = 2 g/L, air‐

flow rate = 8.1 mL s−1, Isolar = 1250 × 100 ± 100 lux. a = 0 min, b = 30 min, c = 60 min, d = 90 min, e = 120 

min, and f = 150 min. 

3.7.1. Effect of Catalyst Weight 

Various studies have shown that catalyst dosage greatly influences reaction rate. We 

investigated how different photocatalyst dosages affected the photocatalytic degradation 

of naphthol blue black, and  the  results are presented  in Figure S4. The dosage  ranged 

between 1 and 3 g/L, and room temperature was used for all of the readings. It can be 

said that the degradation efficiencies were greatly increased at 90 min of irradiation with 

the increase in catalyst dosage from 1 to 2 g/L; after that, they decreased. This may be due 

to the presence of more active sites which enhances the rate of degradation (up to 2 g/L). 

The reason for  the decrease  in degradation at a particular  level  (beyond 2 g/L) may be 

Figure 5. Photodegradability of NBB dye using solar/rGO-ZnS nanoparticles: [NBB] = 2× 10−4 mol/L,
pH = 7.0± 0.1, rGO-ZnS nanoparticles = 2 g/L, airflow rate = 8.1 mL s−1, Isolar = 1250× 100± 100 lux.

Micromachines 2023, 14, x FOR PEER REVIEW  9  of  20 
 

 

 

Figure  5.  Photodegradability  of NBB  dye  using  solar/rGO‐ZnS  nanoparticles:  [NBB]  =  2  ×  10−4 

mol/L, pH = 7.0 ± 0.1, rGO‐ZnS nanoparticles = 2 g/L, airflow rate = 8.1 mL s−1, Isolar = 1250 × 100 ± 100 

lux. 

 

Figure 6. The changes in UV‐visible spectra of NBB on irradiation with solar light in the presence of 

rGO‐ZnS nanoparticles: [NBB] = 2 × 10−4 mol/L, pH = 7.0 ± 0.1, rGO‐ZnS nanoparticles = 2 g/L, air‐

flow rate = 8.1 mL s−1, Isolar = 1250 × 100 ± 100 lux. a = 0 min, b = 30 min, c = 60 min, d = 90 min, e = 120 

min, and f = 150 min. 

3.7.1. Effect of Catalyst Weight 

Various studies have shown that catalyst dosage greatly influences reaction rate. We 

investigated how different photocatalyst dosages affected the photocatalytic degradation 

of naphthol blue black, and  the  results are presented  in Figure S4. The dosage  ranged 

between 1 and 3 g/L, and room temperature was used for all of the readings. It can be 

said that the degradation efficiencies were greatly increased at 90 min of irradiation with 

the increase in catalyst dosage from 1 to 2 g/L; after that, they decreased. This may be due 

to the presence of more active sites which enhances the rate of degradation (up to 2 g/L). 

The reason for  the decrease  in degradation at a particular  level  (beyond 2 g/L) may be 

Figure 6. The changes in UV-visible spectra of NBB on irradiation with solar light in the presence of
rGO-ZnS nanoparticles: [NBB] = 2 × 10−4 mol/L, pH = 7.0 ± 0.1, rGO-ZnS nanoparticles = 2 g/L,
airflow rate = 8.1 mL s−1, Isolar = 1250 × 100 ± 100 lux. a = 0 min, b = 30 min, c = 60 min, d = 90 min,
e = 120 min, and f = 150 min.

3.7.1. Effect of Catalyst Weight

Various studies have shown that catalyst dosage greatly influences reaction rate. We
investigated how different photocatalyst dosages affected the photocatalytic degradation of
naphthol blue black, and the results are presented in Figure S4. The dosage ranged between
1 and 3 g/L, and room temperature was used for all of the readings. It can be said that the
degradation efficiencies were greatly increased at 90 min of irradiation with the increase in
catalyst dosage from 1 to 2 g/L; after that, they decreased. This may be due to the presence
of more active sites which enhances the rate of degradation (up to 2 g/L). The reason for
the decrease in degradation at a particular level (beyond 2 g/L) may be due to the light
scattering effect, which would render the penetration of light into the dye solution [58]. So,
the experiment was carried out with a 2 g/L rGO-ZnS nanocomposite.
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3.7.2. Effect of pH

The ionization state of the dye and the photocatalyst’s surface characteristics are both
impacted by the pH, making it a crucial parameter in photocatalytic degradation. Changes
in pH can also affect how pollutants adhere to the photocatalyst surface, which is necessary
for photocatalytic oxidation to occur. Before radiation, the dye solution pH was adjusted,
but it was not monitored throughout the reaction. Furthermore, the pH of the solution
influences the surface charge characteristics of rGO-ZnS, the size of the aggregates formed,
the surface charge of dye molecules, dye adsorption onto catalyst surfaces, and the level
of hydroxyl radicals. The influence of pH on the photocatalytic degradation of NBB was
investigated over a pH range of 3–11. The outcomes are displayed in Figure 7. According
to the observations, neutral pH 7 exhibits the highest rGO-ZnS optimum efficiency. The
NBB dye was dark-adsorption tested at various pH levels to ascertain the cause of this.
Following the achievement of adsorption equilibrium, the initial dye adsorption rates
observed at pH 3, 5, 7, 9, and 11 are 27.4, 38.1, 47.8, 35.3, and 24.6 percent, respectively. At
pH 7, there was the greatest amount of adsorption. Since the adsorption is higher at pH 7,
the breakdown is also effective at this pH.
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Figure 7. Effect of initial pH on the degradation of NBB using solar light/rGO-ZnS
nanoparticles: [NBB] = 2 × 10−4 mol/L, rGO-ZnS nanoparticles = 2 g/L, airflow rate = 8.1 mL s−1,
irradiation time = 90 min, Isolar = 1250 × 100 ± 100 lux.

3.7.3. Effect of Initial Dye Concentration

Investigations have been conducted into the impact of different initial concentrations
of the NBB dye on its degradation by the rGO-ZnS catalyst (Figure S5). Degradation is
reduced from 95.1% to 42.8% as dye concentration rises from 1 to 4 × 10−4 mol/L. The
rate of deterioration is dependent on the generation of •OH on the catalyst surface and
the likelihood that these radicals will interact with dye molecules. The catalyst dosage
and light output are the same for all initial dye concentrations. So, the limited number
of hydroxyl radicals (•OH) available for all the dye concentrations thus decreases the
degradation efficiency. Moreover, at higher concentrations, the path length of entering
photons is significantly reduced.

3.7.4. Radical Scavengers Test

The influence of different radical scavengers such as ethanol, isopropyl alcohol (IPA),
and benzoquinone (BQ) on photocatalytic degradation is investigated and shown in Table 1.
Without the addition of scavengers, photocatalytic degradation is significantly accelerated
(88.7%), as demonstrated in Table 1. When isopropyl alcohol is added, degradation is
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reduced (63.5%) because the scavenger (isopropyl alcohol) removes the hydroxyl radicals
(•OH), and the degradation rate is also reduced. Ethanol and benzoquinone were employed
for removing h+ (holes) and superoxide (O2

•−) radical anions, respectively. The addition of
ethanol and benzoquinone decreases degradation, which was found to be 52.1 and 63.5%,
respectively. All the scavengers decrease the degradation efficiency of the catalyst, and
the addition of benzoquinone significantly reduces the degradation efficiency, revealing
that superoxide (O2

•−) radical anions are active main species in the degradation process
followed by h+ (holes) and hydroxyl radicals (•OH) [59].

Table 1. Effect of different radical scavengers on photodegradation of NBB dye with rGO-ZnS under
solar light.

Different Radical Scavengers NBB Dye Degradation Percentage (%)

No Scavengers 88.7
Isopropyl alcohol 63.5

Ethanol 52.1
Benzoquinone 38.2

[NBB] = 2 × 10−4 mol/L, Catalyst suspended = 2 g/L, pH = 9, irradiation time = 90 min, [scavengers] = 5 mmol.

3.7.5. Stability of the Catalyst

In the same conditions, the NBB dye was used to test the recyclability of rGO-ZnS.
The effects are shown in Figure 8. The first, second, and third runs’ degradation efficiencies
are 93.7, 68.4, and 63.9%, respectively. It demonstrates that throughout three runs, rGO-ZnS
displayed outstanding photostability without suffering a sizable decrease in photocatalytic
activity. These results indicate that under solar light, the rGO-ZnS catalyst is still effective
and recyclable.
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3.7.6. Kinetic Analysis and Literature Comparison

rGO-ZnS containing naphthol blue black undergoes heterogeneous photocatalytic
degradation that reportedly follows pseudo-first-order kinetics. The rate determination is
given via Equation (1) at low beginning substrate (NBB) concentrations.

−d[C]
dt

= k′[C] (1)

where the pseudo-first-order rate constant is denoted by k′. Table S2 provides the deteriora-
tion rate constant (k′). The equilibrium between adsorption and desorption is achieved
once naphthol blue black is adsorbed onto the rGO-ZnS surface. The equilibrium concen-
tration of the naphthol blue black solution is discovered after adsorption, and it is used
as the starting concentration of naphthol blue black for kinetic analysis. The following
equation is obtained through integrating the previously mentioned equation with the limit
of C = C0 at time t = 0, where C0 is the equilibrium concentration of the bulk solution.

ln[ C0/C] = k′t (2)

where C0 is the naphthol blue black equilibrium concentration and C is the concentration at
time t.

Figure 9 displays a plot of ln C0/C vs. time for deterioration. It has been discovered
that the relationship between naphthol blue black concentration and exposure time is linear.
The Langmuir–Hinshelwood (L-H) kinetic expression has been effectively employed by
several authors to investigate the heterogeneous photocatalytic reaction. To explain the
solid–liquid reaction, the experimental data have been justified using a modified version of
the L-H kinetic model. Assuming that naphthol blue black is more strongly adsorbed on
the catalytic surface than the intermediate products, the rate of oxidation of naphthol blue
black at the surface reaction is proportional to the surface coverage of naphthol blue black
on rGO-ZnS. Equations (3) and (4) are used to show how the concentration of naphthol
blue black influences the rate of deterioration [60].

r = K1K2C / 1 + K1C (3)

1
r
=

1
K2K1C

+
1

K2
(4)

where K1 is the constant linked to adsorption, K2 is related to the reaction characteristics of
the substrate NBB, and “C” denotes the concentration of NBB at the time “t”. The linear
plot was constructed through graphing the reciprocal of the initial rate (1/r) against the
reciprocal of the initial concentration NBB (1/C), as shown in Figure 10. It has been used
to confirm the L-H equation’s applicability for degradation. The slope and intercept of
these plots have been used to get the values of K1 and K2. For deterioration, K1 and K2
are determined to have values of 1.318 × 103 M−1 and 2.120 × 10−5 Mm−1, respectively.
The photodegradation efficiency of rGO-ZnS was compared with different modified ZnS
materials, and the results (Table S3) showed that rGO-ZnS efficiently degrades NBB dye
under solar light.

3.7.7. COD Measurements

COD values were also used to confirm the mineralization (degradation) of NBB dye.
Table 2 provides the percentage of COD decreases. After 150 min of rGO-ZnS irradiation,
91.1% COD removal is attained. This shows that the mineralization of the dye is almost
completed [61].
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ZnS nanoparticles.

Table 2. COD values and removal percentage on the photocatalytic degradation of NBB dye using
solar light with rGO-ZnS.

Time (min) COD Values (mg/L) COD Removal (%)

0 9049.6 0
90 5376.0 59.4
150 806.4 91.1

COD measurements: [NBB] = 2 × 10−4 mol/L, rGO-ZnS nanoparticles suspended 2 g/L, pH = 7,
airflow rate = 8.1 mL s−1.
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3.7.8. Mechanism of Degradation

Solar light is used to illuminate the modified semiconductor (rGO-ZnS), resulting in
the generation of electron–hole pairs, holes from the valence band, and electrons from the
conduction band (Scheme 1). Conduction band electrons are more likely to move to rGO
in the modified ZnS nanocomposite, which is widely recognized as an efficient electron
acceptor and transporter in nanocomposites during the photocatalytic process (rGO-ZnS).
The photogenerated holes can be captured by hydroxyl or water molecules to produce
highly active •OH species, which deteriorate the pollutant (dye) [62]. The dissolved oxygen
molecule absorbs the conductance band electron, producing an active superoxide radical
anion (O2

•−). In an aqueous environment, O2
•− produces other highly reactive species

such as HO2
• (hydroperoxide radical), HO• (hydroxyl radical), and H2O2, which also

oxidizes organic compounds (Equations (5)–(10)) [63].

rGO-ZnS + hν→ h+ + e− (5)

h+ + H2O→•OH + H+ (6)

O2 + e− → O2
•− (7)

O2
•− + H+ → HO2

• (8)

O2
•− + NBB dye→ Degraded products (Mineral acids + CO2 + H2O) (9)

•OH + NBB dye→ Degraded products (Mineral acids + CO2 + H2O) (10)
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4. Antibacterial Studies

The disc diffusion method was adopted for the elevation of antimicrobial activity. This
test employs Gram-positive bacteria such as Bacillus subtilis and Staphylococcus aureus, as
well as Gram-negative bacteria such as Escherichia coli, Salmonella typhi A, and Klebsiella
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pneumonia. The control is a filter paper that does not contain any nanocomposite. Standard
treatment involves the administration of amoxicillin. Test pathogens were propagated on
agar plates during the antibacterial measurement. All of the wells were made using a sterile
cork borer, loaded with the necessary amount of nanocatalyst (rGO, ZnS, and rGO-ZnS),
and then put over the agar. The test plates were incubated for 24 h at 37 ◦C. Activity
against the test pathogens was determined through measuring the zone of inhibition (mm
in diameter). One well was for the standard (amoxicillin) and three other wells were
for other nanomaterials (rGO, ZnS, and rGO-ZnS) (Figure 11), and the values are given
in Table 3. rGO and ZnS alone have insufficient activity against all of the investigated
bacterial strains, as demonstrated in Figure 11. The rGO-ZnS nanocomposite was found
to have superior antibacterial activity compared to the antibacterial activities of rGO and
ZnS (Table 3). rGO-ZnS has better activity against Bacillus subtilis, Salmonella typhi, and
Klebsiella pneumonia than other micro-organisms.
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Serial
No.

Microbial Strains

Zone of Inhibition (mm)

Standard
(30 µL)

rGO
(30 µL) ZnS (30 µL) rGO-ZnS

(30 µL)

Gram Positive (+)
1 Staphylococcus aureus 30 9 9 15
2 Bacillus subtilis 30 11 12 21

Gram negative (−)
3 Salmonella paratyphi A 22 10 10 23
4 Escherichia coli 20 11 9 17
5 Klebsiella pneumonia 32 10 9 19
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5. Conclusions

A novel rGO containing ZnS was created using a solvothermal technique. Under
solar light, it was discovered that rGO-ZnS is more effective than ZnS at deteriorating NBB
azo dye, and rGO-ZnS has better activity against Bacillus subtilis, Salmonella typhi, and
Klebsiella pneumonia than other micro-organisms. A pH of 7 and a catalyst concentration
of 2 g/L were found to be optimal for effective dye removal. The degradation rate was
reduced as the initial dye concentration was increased. The stability of the catalyst was
revealed. This approach is more cost-effective and environmentally beneficial owing to
the wastewater treatment technique. COD (91.1% removal) observations indicated that the
NBB molecule had been mineralized. A mechanism explains that rGO-ZnS has superior
photocatalytic activity for NBB degradation under solar light. Since solar operations only
require a small amount of catalyst (2 g/L), this catalyst will be extremely effective for the
solar treatment of dye effluent.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/mi14071324/s1, Figure S1: Chemical structure of NBB dye;
Figure S2: HR-TEM images of (a) rGO (b) rGO-ZnS; Figure S3: EDX spectra of (a) rGO (b) ZnS
(c) rGO-ZnS; Figure S4: Effect of catalyst weight on the photocatalytic degradation of NBB using
solar light; Figure S5: Effect of various initial dye concentrations on the degradation of NBB using
solar light/rGO-ZnS nanoparticles; Table S1: Effect of different wt% of rGO on ZnS for the NBB dye
degradation under solar light; Table S2: Rate constants of photocatalytic degradation of NBB dye
using solar light/rGO-ZnS nanoparticles; Table S3: Comparison of different modified ZnS towards
pollutant degradation [64–68].
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